
Abstract
Aims/hypothesis. Cytokines are important humoral
mediators of beta cell destruction in autoimmune dia-
betes. The aim of this study was to identify novel 
cytokine-induced genes in insulin-producing RINm5F
cells, which may contribute to beta cell death or sur-
vival.
Methods. A global gene expression profile in cyto-
kine-exposed insulin-producing RINm5F cells was
achieved by automated restriction fragment differen-
tial display PCR. The expression of selected candidate
genes was confirmed by real-time RT-PCR analysis.
Results. Exposure of RINm5F cells to IL-1β or to 
a cytokine mixture (IL-1β, TNF-α, IFN-γ) for 6 h 
resulted in the differential expression of a functional
gene cluster. Apart from the well-known up-regulation
of the cytokine-responsive genes iNOS, NF-κB,
MnSOD and Hsp70, several genes that belong to the
functional cluster of the endocytotic pathway were
identified. These endocytotic genes comprised: clath-
rin, megalin, synaptotagmin and calcineurin, which
were up-regulated by IL-1β or the cytokine mixture.

In contrast, the expression of the calcineurin inhibitor
CAIN and of the GDP/GTP exchange protein Rab3
was down-regulated by cytokines. Other up-regulated
cytokine-responsive genes were: agrin, murine adher-
ent macrophage protein mRNA (MAMA) and trans-
port-associated protein (TAP1/MTP), whereas the
plasma membrane calcium ATPase (PMCA) 2 and
PMCA 3 genes were down-regulated by cytokines.
Conclusions/interpretation. Our results indicate that
genes of the endocytotic pathway are regulated by
pro-inflammatory cytokines. This might affect the
density of cytokine receptors at the beta cell surface
and concomitantly the sensitivity of the cells to cyto-
kine toxicity. A better understanding of the functional
cross-talk between endocytotic and cytokine sig-
nalling pathways could further the development of
novel strategies to protect pancreatic beta cells against
toxic effects of pro-inflammatory cytokines.
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Introduction

Pro-inflammatory cytokines such as IL-1β, TNF-α
and IFN-γ play an important role in the pathogenesis
of Type 1 diabetes mellitus [1, 2, 3, 4]. These humoral
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mediators of autoimmunity are released by macro-
phages and T cells in infiltrated islets of Langerhans
and synergistically initiate complex signal pathways
in pancreatic beta cells, which cause impaired func-
tion and ultimately cell death by apoptosis or necrosis.
Although species, in particular rodents and humans,
differ in their sensitivity towards cytokines, it is gen-
erally accepted that cytokine toxicity is a universal
principle of autoimmune destruction of pancreatic
beta cells [4, 5]. The signal pathways of pro-inflam-
matory cytokines involve binding to specific recep-
tors, activation of mitogen- and stress-activated pro-
tein kinases and mobilisation of transcription factors
such as NF-κB, STAT-1 and c-myc, which mediate up-
or down-regulation of gene expression and beta cell
apoptosis [4]. In particular the generation of nitric ox-
ide (NO) by induction of inducible nitric oxide syn-
thase (iNOS) and of oxygen free radicals by unknown
mechanisms are thought to participate in the signal
pathways of programmed cell death and the direct oxi-
dative attack of beta cell structures [3, 6, 7].

Recent studies using the microarray technology indi-
cate that the deleterious effects of cytokines upon insu-
lin-producing cells result from a re-programming of the
gene expression profile that is responsible for cell death
and cell survival [8, 9, 10, 11, 12]. Overall several hun-
dred genes were affected by cytokines in insulin-pro-
ducing cell lines and primary beta cells. Among these
genes there are functional classes such as metabolism,
transcription factors and apoptosis. The aim of these
global gene expression analyses approaches is the iden-
tification of functional gene clusters, which may open
new perspectives for interventional strategies against
beta cell destruction. Since there are presently no spe-
cific arrays covering all expressed beta cell genes, the
available information on global cytokine-modified
genes in beta cells is, by definition, incomplete.

In this study we did gene expression screening by
automated restriction fragment differential display PCR
(RFDD-PCR) [13] to identify functionally relevant
gene clusters in insulin-producing RINm5F cells ex-
posed either to IL-1β alone or to a combination of cy-
tokines. Using this approach, we identified a cluster of
cytokine-regulated genes coding for structures partici-
pating in the endocytotic pathway. Endocytosis of cyto-
kine receptors has been described in different cell types
as a protective mechanism by which cells down-regu-
late the signal transduction and the consequent deleteri-
ous effects of cytokines [14, 15]. Notably, IL-1β is able
to increase and decrease the rate of endocytosis, an ef-
fect that may be linked to NO production by iNOS [16].
The endocytotic machinery is composed of various pro-
teins, which may participate directly or indirectly in the
signal pathways of cytokine-mediated beta cell destruc-
tion [17, 18, 19]. On the basis of these results, we pro-
pose a novel regulatory principle that might operate in
insulin-producing cells exposed to pro-inflammatory
cytokines.

Materials and methods

Chemicals. Cytokines and the dNTP mixture were obtained
from PromoCell (Heidelberg, Germany), Escherichia coli DNA
polymerase I and DNA ligase, and the TaqI restriction endonu-
clease from New England Biolabs (Frankfurt, Germany), ribo-
nuclease H from MBI Fermentas (St. Leon-Rot, Germany), and
Biotherm Taq polymerase from GeneCraft (Münster, Germany).
The sizing standard was from Li-cor (Lincoln, Neb., USA) and
the GelStar nucleic acid gel stain from BMA (Rockland, Me.,
USA). The SuperScript II RT reverse transcriptase, T4 DNA li-
gase and all tissue culture equipment were purchased from Invi-
trogen (Karlsruhe, Germany). All primers and adaptors were
from MWG-Biotech (Ebersberg, Germany). All other reagents
were from Sigma Chemicals (Munich, Germany).

Cell culture and cytokine incubation. Insulin-producing
RINm5F cells were cultured as described [6, 20] in RPMI 1640
medium, supplemented with 10 mmol/l glucose, 10% (v/v) fetal
calf serum, penicillin and streptomycin in a humidified atmo-
sphere at 37 °C and 5% CO2. Cells were seeded at a density of
2×106 per 90-mm plastic dish and grown to confluence within 
2 days. Thereafter cells were exposed for 6 h, either to IL-1β at
60 U/ml (0.6 ng/ml) or 600 U/ml (6 ng/ml), or to a cytokine
mixture with a final concentration of 60 U/ml IL-1β, 185 U/ml
TNF-α (9.3 ng/ml) and 14 U/ml IFN-γ (1.4 ng/ml). In all exper-
iments the cytokine stimulation increased the production of
NO, which was measured through accumulation of NO2− and
NO3− in the medium [21] (data not shown). Control RINm5F
cells were grown in the absence of cytokines.

mRNA isolation. Total RNA was isolated using the guanidine
thiocyanate method [22]. The quality of the total RNA was
verified by comparing the intensities of the 28S and 18S rRNA
bands in agarose gel electrophoresis. The mRNA was isolated
by the use of magnetic beads coupled with oligo-dT according
to the manufacturer’s manual (microMACS mRNA isolation
Kit, Miltenyi Biotec, Bergisch Gladbach, Germany) and quan-
tified by fluorimetric assay (RiboGreen RNA Quantitation Kit,
Molecular Probes Europe, Leiden, The Netherlands).

Restriction fragment differential display PCR analysis. The
general procedure followed the guidelines of the Restriction
Fragment Differential Display system (DisplayPROFILE Kit,
Qbiogene, Heidelberg, Germany). First, 500 ng of mRNA were
reverse transcribed into complementary DNA using an oligo-
dT18NV primer followed by second strand synthesis. The ob-
tained double-strand cDNA was purified through columns of
silica-gel (QIAquick PCR Purification Kit, Qiagen, Hilden,
Germany) and was then cut by the TaqI restriction enzyme to
obtain smaller fragments with cohesive ends. Using T4 DNA
ligase, a standard adaptor (SD) and an extension-protected
adaptor (EP) were ligated to the cohesive ends of the TaqI
cDNA fragments. The use of the two adaptors allows the gen-
eration of the final RFDD template for PCR amplification 
using a fluorescently labelled standard extension primer and a
specific 3′-extension primer. The sequences of the EP adaptor
were 5′-ACTGGTCTCGTAGACTGCGTACC-3′ (upper strand)
and 5′-PO4-CGGGTACGCAGTC-NH2-3′ (lower strand). The
5′ end was modified with a phosphate group while the last nu-
cleotide at the 3′ end was ligated to an amino extension protec-
tion group on carbon 7. The sequences of the SD adaptor were
5′-GCGATGAGTCCTGAC-3′ (upper strand) and 5′-CGGTC-
AGGACTCAT-3′ (lower strand) [23]. Ligation of adaptors to
cDNA restriction fragments has four possible outcomes:
(EP–SD, SD–EP, EP–EP, and SD–SD). Notably, only the
EP–SD and SD–EP cDNA fragments can be visualised in the
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following PCR reaction. After ligation to the adaptors, the
RFDD templates were purified by silica-gel columns. Finally,
the RFDD templates were quantified by fluorimetric assay and
digested again by TaqI in order to avoid amplificaton of non-
desired fragments. The two silica-gel purification steps greatly
increased the resolution of the final cDNA restriction fragment
pattern (unpublished observation).

The RFDD fragments were amplified with an IR800-fluores-
cence-labelled “plus primer” (5′-ACTGGTCTCGTAGACTG-
CG-3′) complementary to the EP adaptor sequence in combina-
tion with a “minus primer” (5′-ATGAGTCCTGACCGAN-NN-
3′) recognising the SD adaptor sequence, and the three extend-
ing variable nucleotides behind the adaptor junction into the
cDNA fragment. The combination of these three variable posi-
tions with the four possible bases (AGCT) results in 64 different
minus primers. Thus, for a complete gene expression profile, 64
separate PCR reactions must be performed. Because the adap-
tors can bind to both cohesive ends, an individual TaqI fragment
can be characterised by two PCR reactions using different minus
primers with corresponding 3-base sequences for the sense and
antisense strand. Each PCR reaction with a specific “minus
primer” amplified 50–250 different fragments that were further
analysed for band intensities and fragment size. PCR reactions
were done in a cycler using a hot start to avoid unspecific prim-

ing (Master-cycler gradient, Eppendorf, Hamburg, Germany).
The RFDD templates were amplified with the following profile:
initial denaturation at 94 °C for 1 min, followed by 10 touch-
down cycles at 94 °C for 30 s, at 60 °C for 30 s for the first an-
nealing cycle with a consecutive reduction of the annealing tem-
perature by 0.5 °C in each cycle, and finally at 72 °C for 1 min.
Thereafter, 25 cycles were done with the following profile:
94 °C for 30 s, 55 °C for 30 s, and 72 °C for 1 min, followed by
a final elongation step at 72 °C for 5 min. Finally, the PCR prod-
ucts were resolved on a 6% PAGE with an automatic sequencer
(Gene Readir 4200, Li-cor, Lincoln, Neb., USA). A standard
size marker (50–700 bp) was run in parallel.

Real Time RT-PCR. mRNA from RINm5F cells was reverse-
transcribed using oligo dT primer. Expression of selected
genes was quantified by the QuantiTec SYBR Green technolo-
gy (Qiagen), which uses a fluorescent dye that binds only dou-
ble-stranded DNA. The reactions were carried out using the
microplate-based DNA Engine Opticon fluorescence detection
system (Biozym Diagnostik, Hess. Oldendorf, Germany). A to-
tal volume of 25 µl was used for the PCR reactions. Samples
were first denatured at 94 °C for 2 min followed by up to 40
PCR cycles. Each PCR cycle comprised a denaturation at
94 °C for 30 s, an annealing at 62 to 65 °C for 30 s, and an 

Table 1. Sequences of the primers used for real-time RT-PCR gene expression quantification

Gene Primer sequence

Agrin Fw 5′-AGAAGAATGCTTGCCCTGCTACG-3′
Rv 5′-ATGCGCCGTTGCTGGTTG-3′

β-actin Fw 5′-GCATGTGCAAGGCCGGCT-3′
Rv 5′-CACCATCACACCCTGGTGCCTA-3′

CAIN Fw 5′-AATGCCAGCTCCACAATTGAAGA-3′
Rv 5′-CTTCTGCTTCCTGAGCCTCCTTT-3′

Calcineurin Fw 5′-AACTTGCTGGATATTGATGCCCC-3′
Rv 5′-GCAGGAGATCCTCCCACTTCAAA-3′

Clathrin Fw 5′-CTCAGCCAGTGAAGATGTTTGATCG-3′
Rv 5′-GCAGATATGCCAGTCAGGAGCAAC-3′

Hsp70 Fw 5′-GCTCATCAAGCGCAACTCCAC-3′
Rv 5′-TCGTACACCTGGATCAGCACCC-3′

iNOS Fw 5′-TCGTACTTGGGATGCTCCATGG-3′
Rv 5′-TCCTGCAGGCTCACGGTCAA-3′

MAMA Fw 5′-TCATGCTGGATGAGGTGGAATG-3′
Rv 5′-TCCTTCTCATGCCCGCAGTG-3′

Rab3 Fw 5′-TCGGAAGGTGTACAAGGGAATGCT-3′
Rv 5′-AGTAATGGGTCTGGGCAATCTCCA-3′

Megalin Fw 5′-GATGCTGTTGCTGGCGATCG-3′
Rv 5′-CATTGTCACAGCGAAAATTCCCAC-3′

MnSOD Fw 5′-CCTCCCTGACCTGCCTTACGACTA-3′
Rv 5′-TTCAGATTGTTCACGTAGGTCGCG-3′

NF-κB (p105) Fw 5′-CATGCCAACGCCCTCTTCGA-3′
Rv 5′-TGTCCCCGTTCTCATCCTGCAC-3′

PMCA-1 Fw 5′-GTGTGTGGTGTTAGTGACGG-3′
Rv 5′-GTACCTGAAAGAAGCAAGGG-3′

PMCA-2 Fw 5′-AAGGAGACATATGGGGAC-3′
Rv 5′-TTCACCTTCATCTTCTGC-3′

PMCA-3 Fw 5′-CACAGCCTTCAATGACTG-3′
Rv 5′-CCTTCCATGACATGAGTG-3′

Synaptotagmin V Fw 5′-TGACTTTGACAGGTTCTCTCGCC-3′
Rv 5′-AGGATGCACTCCCTGGGGAA-3′

Tap1 Fw 5′-ACTTGCCTCGTTCCGAAAGCTG-3′
Rv 5′-CGAAGGCATCTAAGCGACTGTTC-3′

Fw, forward (sense) primer; Rv, reverse (antisense) primer. All amplicons were in the size ranging from 95–125 bp
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extension at 72 °C for 30 s. Each PCR amplification was done
in triplicate. The optimal parameters for the PCR reactions
were empirically defined. The purity of the amplified PCR
products was verified by melting curves. The sequences of the
primers are presented in Table 1. β-Actin was used as the ref-
erence gene. Real time RT-PCR analyses were done on sepa-
rate samples from cytokine-exposed RINm5F cells, which
were not identical to the samples used for RFDD analyses.

Data analysis. In the RFDD-PCR experiments, the molecular
weights of the fragments and the band intensities were cal-
culated using a gel analysis software (Gel-Pro Analyzer 3.1,
Media Cybernetics, Silver Spring, Md., USA). Defined fluo-
rescently labelled molecular weight markers (50–700 bp sizing
standard, Li-cor) allowed a determination of restriction frag-
ment size with an accuracy of ±2 bp. The intensity of the
bands was expressed as the density of pixels per line and per
area of the bands. The normalisation of the samples was made
by global scaling, attributing an arbitrary value of 100 to the
total intensity of the lane. The genes encoded by the differen-
tially expressed fragments in the RFDD-PCR were identified
using a database (displaySEQ, Qbiogene) with the genome of
Rattus norvegicus as the reference. Fragment-coding genes
with cytokine-modified expression levels in the RFDD-PCR at
least two-fold higher or lower than in the control were defined
as differentially expressed. The analysis of the Real Time 
RT-PCR data was done using the specific Q-Gene analysis pro-
gram [24]. The data are expressed as means ± SEM. Statistical
analyses were done with ANOVA followed by Dunnett’s test
for multiple comparisons using the Prism analysis program
(Graphpad, San Diego, Calif., USA).

Results

Restriction fragment differential display PCR method
for identification of cytokine-regulated genes. Expo-
sure of insulin-producing RINm5F cells to cytokines
resulted in an altered gene expression pattern. Stimu-
lation with either IL-1β alone (60 or 600 U/ml) or
with a combination of cytokines (60 U/ml IL-1β,
185 U/ml TNF-α, and 14 U/ml IFN-γ) modulated the
expression of several genes in RINm5F cells (Table 2
and Electronic Supplementary Material). From the 
38 genes modulated by the IL-1β and/or cytokine
mixture, 14 genes of special interest are presented in
Table 2. The remaining 24 cytokine-regulated genes
can be accessed as Electronic Supplementary Material
(URL beneath Abstract).

The time point of our study (6 h) was chosen in
agreement with previous works indicating that early
and relevant changes of the gene expression profile
were particularly evident 6 h after cytokine exposure
[10, 25]. About 3200 transcripts could be identified by
RFDD-PCR in RINm5F cells using combinations of 64
different plus primers and one universal minus primer.
Computer-aided analysis of all RFDD results was done
using stringent parameters. Representative gels for se-
lected genes are shown in Figure 1. Notably, the depict-
ed gels comprise only a small area of the entire gel.
Original gel runs have a virtual size of approximately
35×350 cm and show a complex expression pattern of

Table 2. Differentially expressed genes obtained by RFDD-PCR after exposure of insulin-producing cells to IL-1β alone or a com-
bination of cytokines

Group Gene name GenBank IL-1β IL-1β Cytokine 
access number 60 U/ml 600 U/ml mixture

Cytokine-regulated marker genes Hsp70 L16764 1.0±0.1 1.0±0.2 2.5±0.6
iNOS D44591 n.d. n.d. 100±17.3
NF-κB L26267 1.0±0.4 4.2±1.8 10.8±3.0

Cytokine-regulated genes in the CAIN a AF061947 1.0±0.2 1.1±0.2 −2.9±0.3
endocytotic pathway Calcineurin a D90035 3.5±1.3 3.5±0.8 3.7±1.6

Clathrin heavy chain b J03583 1.6±0.2 1.6±0.4 2.3±0.4
Megalin b L34049 1.0±0.1 1.0±0.1 2.5±0.1
Rab3 a U72995 −1.7±0.2 −1.8±0.3 −2.2±0.2
Synaptotagmin V a AF375461 1.6±0.6 2.0±0.8 12.0±2.3

Other cytokine-regulated genes Agrin a M64780 1.0±0.2 2.7±0.7 2.4±0.3
MAMA b AF065438 1.0±0.3 2.0±0.1 14.0±3.3
PMCA 1/2 b J03753 1.0±0.0 −2.0±0.3 −2.8±0.7

J03754
PMCA 3 b J05087 −3.0±0.8 −2.3±0.6 −3.8±0.4
TAP1 / MTP a Y10230 1.4±0.2 1.0±0.1 4.3±0.6

Insulin-producing RINm5F cells were treated as described in
Materials and methods. Data were obtained by means of 
restriction fragment differential display PCR. Results are pre-
sented as fold increases (positive values) or decreases (nega-
tive values) compared against control values from cells incu-
bated without cytokines, and represent mean values ± SEM of
three independent experiments. A value of 1.0 indicates identi-
ty with the control value. Results were considered different

when the mean fold change was greater than 2.0. n.d., not de-
tectable.
a These genes have been described as being regulated by cy-
tokines in microarray publications [8, 9, 10, 12] or in the beta
cell microarray database (http://jdrf.systemsbiology.org/cgi-bin/
enter_bcgb.cgi).
b These genes have not been described as being regulated by
cytokines
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Fig. 1. Identification of cytokine-regulated genes by restriction
fragment differential display (RFDD) PCR after exposure of
insulin-producing cells to IL-1β alone or a combination of 
cytokines. Insulin-producing RINm5F cells were exposed for
6 h either to 60 U/ml of IL-1β (lane 60), 600 U/ml of IL-1β
(lane 600), or a cytokine mixture (60 U/ml IL-1β, 185 U/ml
TNF-α, 14 U/ml IFN-γ; lane M), and compared to cells incu-
bated without cytokines (control condition; lane C). After lysis
of the cells and extraction of the mRNA, identification of 
expressed genes was done by restriction fragment differential
display PCR. Representative bands from three experiments are
shown, with duplicate sense and antisense probes for each

gene. HSP70, heat shock protein 70; iNOS, inducible nitric 
oxide synthase; NF-κB, nuclear factor kappa B; CAIN, cal-
cineurin inhibitor; Rab3, Rab3 GDP/GTP exchange protein
mRNA; Syt, synaptogamin V; MAMA, murine adherent mac-
rophage protein mRNA; PMCA, plasma membrane calcium
ATPase; TAP1, transporter antigen peptides 1 and/or multidrug
resistance protein (from ABC transporter family). The two
lanes for each gene represent the same RFDD cDNA fragment
amplified by two different specific primers annealing to the
sense and antisense strand of the gene. The arrows point to the
specific RFDD amplification product when multiple bands are
visible in the representative part of the gel

amplified restriction fragments. The absolute intensities
of the lanes were linear between 0 and 6.5×104 fluores-
cence units. For background correction, the intensities
of each lane were normalised by the GelPro software
routines for consecutive quantification of selected

bands representing differentially expressed genes (Ta-
ble 2). We confirmed the results obtained by the multi-
plex RFDD-PCR, as a semi-quantitative method for the
evaluation of gene expression, by quantitative real-time
RT-PCR analysis (Table 3).
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Established cytokine-regulated genes. The RFDD-
PCR technique enabled us to identify, in insulin-pro-
ducing RINm5F cells incubated with cytokines, an in-
duction of the genes for the defence response protein
Hsp70, for the enzyme iNOS, and for the transcription
factor NF-κB, which are all well known to be regulat-
ed by cytokines (Fig. 1 and Table 2). With this semi-
quantitative gene expression screening approach, sig-
nificant increases in these three established cytokine-
responsive reference genes were evident, in particular
after exposure of the cells to a mixture of three 
different cytokines (60 U/ml IL-1β, 185 U/ml TNF-α,
and 14 U/ml IFN-γ), and to a lesser extent after incu-
bation with IL-1β (60 or 600 U/ml) alone (Fig. 1 and
Table 2). This more pronounced change of the gene
expression pattern in response to a combination of cy-
tokines is a well-known characteristic of insulin-pro-
ducing cells [6, 26, 27]. These results were confirmed
and extended by a quantification of the gene expres-
sion using quantitative real time RT-PCR measure-
ments. While the induction of the three reference
genes was clearly evident after the cells were exposed
to the cytokine mixture, a significant induction was
evident also after the cells were incubated, both with
the lower and with the higher concentration of IL-1β
(60 and 600 U/ml) (Table 3). Manganese superoxide
dismutase (MnSOD, accession number NM_017051),
another cytokine-regulated gene, could not be found
to be differentially expressed using RFDD-PCR since
it has no TaqI restriction site. But it was found to be
up-regulated after cytokine exposure in the real-time
RT-PCR quantification. MnSOD was therefore used as
an additional internal control for our assays. Exposure

of RINm5F cells to both a low and a high concentra-
tion of IL-1β increased the MnSOD mRNA levels by
8.3±1.4 and 10.1±1.5-fold respectively (n=5). Cells
exposed to the cytokine mix also presented a large 
increase in MnSOD expression (7.4±1.2 fold, n=5).
The affected marker gene expression shows that the
cytokines were biologically active. No differences
were found in β-actin gene expression among the
three experimental groups (Table 3).

Cytokine-regulated genes of the endocytotic pathway.
Using the RFDD-PCR gene expression screening
technique, we were able to identify within the 38 cyto-
kine-regulated genes a functional cluster coding for
proteins involved in the regulation of the endocytotic
pathway. These were the genes for the calcineurin in-
hibitor (CAIN), for calcineurin, for clathrin (heavy
chain), for megalin, for Rab3 GDP/GTP exchange
protein mRNA, and for synaptotagmin V (Fig. 1 and
Table 2). However, while the CAIN and Rab3 gene 
expression were reduced, the expression of the other
four genes was increased (Fig. 1 and Table 2). Again,
the cytokine effects were clearly evident using this
semi-quantitative approach, especially after exposure
of the cells to the cytokine mixture (Fig. 1 and Ta-
ble 2).

These results were confirmed by quantifying the
gene expression of these six genes potentially in-
volved in the endocytotic pathway in quantitative real
time RT-PCR measurements (Table 3). While a signif-
icant suppression of the CAIN gene expression was
evident only after the cells were incubated with the
cytokine mixture, a significant, albeit weaker, de-

Table 3. Real-time RT-PCR gene expression quantification of selected genes detected by RFDD-PCR after exposure of insulin-
producing cells to IL-1β alone or a combination of cytokines

Gene name IL-1β 60 U/ml IL-1β 600 U/ml Cytokine mixture

Hsp70 5.3±1.1b 4.6±0.7b 7.7±1.6b

iNOS 15.2±4.1a 35.0±11.5a 166.3±30.2b

NF-κB 2.2±0.3a 6.1±0.7b 21.4±1.5b

CAIN −1.3±0.2 −1.1±0.2 −3.3±0.0a

Calcineurin 3.5±0.4b 4.5±0.8b 5.2±0.9b

Clathrin heavy chain 2.4±0.2b 3.5±0.3b 5.6±0.4b

Megalin 1.7±0.2 2.8±0.8a 3.5±0.7a

Rab3 −1.4±0.1a −1.8±0.1a −1.9±0.0b

Synaptotagmin V 2.4±0.3b 3.6±0.4b 6.7±0.9b

Agrin 3.8±0.2b 4.0±0.1b 5.2±0.1b

MAMA 2.3±0.6 2.3±0.6 5.4±1.8a

PMCA 2 −1.5±0.1a −2.6±0.1b −2.0±0.1b

PMCA 3 −1.2±0.1 −2.2±0.1b −2.2±0.1a

Tap1/MTP 5.5±0.7a 6.4±1.5a 30.1±9.5a

β-Actin 1.1±0.1 1.0±0.1 1.0±0.1

Insulin-producing RINm5F cells were treated as described
(Materials and methods). Quantification was done by means of
quantitative real-time RT-PCR using the SYBR green I system.
Results are presented as fold increases (positive values) or de-
creases (negative values) compared against control values from
cells incubated without cytokines, and represent mean values ±

SEM of three to five independent experiments. The expression
level of the housekeeping gene β-actin did not change signifi-
cantly. a p<0.05, b p<0.01 compared to RINm5F cells without
cytokine exposure after normalisation to β-actin (ANOVA plus
Dunnett’s post test)



crease of the gene expression of Rab3 was also evi-
dent after the cells were exposed to IL-1β (60 and
600 U/ml) (Table 3). The increase of the gene expres-
sion of calcineurin, clathrin (heavy chain), megalin,
and synaptotagmin V was also confirmed by quantita-
tive real time RT-PCR (Table 3).

Other cytokine-regulated genes. The gene expression
levels of several other single genes were also affected
by cytokine treatment (Fig. 1 and Table 2). The ex-
pression of the genes for the extracellular matrix pro-
tein agrin, for the murine adherent macrophage pro-
tein (MAMA), and for the transport-associated pro-
tein 1 (TAP1, undistinguishable from the murine trans-
port protein [MTP]) were up-regulated by cytokines.
Again, the cytokine effects were clearly evident using
this semi-quantitative approach predominantly after
exposure of the cells to the cytokine mixture (Fig. 1
and Table 2). On the other hand, the genes for the
plasma membrane calcium ATPase (PMCA) 1 or 2,
which cannot be discerned by the RFDD method since
they have the same Taq I restriction site, and for
PMCA 3 were down-regulated by cytokine treatment.
These results were confirmed using quantification 
of the gene expression in quantitative real time RT-
PCR measurements (Table 3). PMCA 2 and PMCA 3
mRNA levels were down-regulated in all three condi-
tions tested. This is especially evident in the higher
concentration of IL-1β and the cytokine mixture. The
PMCA 1 gene was not modulated by cytokine treat-
ment (data not shown).

Discussion

Cytokines mediate toxicity to insulin-producing cells
through complex signal cascades, which affect the
gene expression profile of the cells in a critical bal-
ance between death and survival. In this study, we
used an automated RFDD-PCR gene expression
screening approach to characterise changes of gene
expression in insulin-producing RINm5F cells after
exposure to toxic cytokines. The RFDD-PCR proved
to be a reliable method for analysing gene expression
in RINm5F cells because each gene was verified by
two independent amplifications of the restriction frag-
ments and confirmed by real-time RT-PCR analysis.
However, the RFDD-PCR also has some limitations.
Firstly, the RFDD analysis requires at least two TaqI
restriction sites within the cDNA for the ligation of
the adaptors to the cohesive ends. Secondly, the
RFDD template amplification is a multiplex PCR
method, which has variant efficiencies for the differ-
ent templates and specific primers, although detection
of the amplification products shows linearity over four
magnitudes of fluorescence units. These limitations
became evident in the differences in the band intensi-
ties for the Syt transcripts (Fig. 1) and also in the 

differences between RFDD analysis and real-time 
RT-PCR quantification of the iNOS gene after expo-
sure to IL-1β alone (Fig. 1 and Table 3). Furthermore,
the number of the identified cytokine-regulated genes
is lower in comparison to the microarray method. 
The latter has the advantage of not depending on a
multiplex PCR amplification. On the other hand, the
RFDD-PCR methodology generally has the potential
to detect genes that are not covered by microarrays
and is also a versatile technique for samples from 
species for which a microarray chip is not available.
Nevertheless, the standard errors of our RFDD-PCR
data indicate that this method showed a good repro-
ducibility for the identification of cytokine-regulated
genes in insulin-producing cells. The present gene-ex-
pression data are complementary to microarray studies
upon INS-1 cells [10, 12] and primary beta cells [9,
11], and contribute to dynamic databases of cytokine-
regulated genes. Knowledge of these genes may serve
as a basis for functional studies on the development of
novel strategies to protect beta cells against autoim-
mune destruction. Within these databases, functionally
related gene clusters attract special attention because
these genes mostly code for signal pathways that are
highly regulated and therefore represent a potential
target for protective intervention. Apart from the cyto-
kine-induced marker genes iNOS, NF-κB and Hsp70,
which are known to be up-regulated by previous mi-
croarray and functional studies, a functionally related
endocytotic pathway gene cluster was affected in
RINm5F cells. This group of genes, related to endo-
cytosis, has not been described so far as a functional
cluster in the context of cytokine-regulated genes in
pancreatic beta cells, but deserves more comprehen-
sive consideration due to a possible impact upon the
cell sensitivity towards cytokines.

The endocytotic process is a complex mechanism
in which several proteins are involved (for review see
[19, 28]). In our study, this pathway proved to be 
regulated by cytokines. It has been shown that the 
cytokines IL-1β and TNF-α increased the rate of 
endocytosis in liver endothelial cells, an effect that 
is apparently counteracted by NO [16, 29]. One of 
the most important components of the endocytotic
pathway is clathrin, a triskelion-shaped protein that
oligomerises to form endocytotic pits [28]. The
RFDD-PCR as well as real-time RT-PCR analysis
showed that mRNA levels coding for the clathrin
heavy chain were increased in insulin-producing
RINm5F cells after exposure to pro-inflammatory 
cytokines. In pancreatic beta cells, clathrin is involved
in the removal of proteases from maturing secretory
insulin granules by the endosomal system but not in
the sorting or processing of proinsulin or in regulated
exocytosis of secretory granules [30, 31].

Many proteins may interact with or are dependent
on clathrin action [28]. Megalin is a peripheral glyco-
protein belonging to the LDL receptor family that 
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mediates clathrin-dependent endocytosis of ligands in
various polarised epithelia [32, 33]. It was first de-
scribed in the kidney but has a ubiquitous tissue distri-
bution [33], and is abundantly expressed in clathrin-
coated pits [34, 35]. Megalin mRNA expression was
up-regulated by 250% in RINm5F cells after cytokine
exposure. The observed strong correlation between
the cytokine-dependent increase in both clathrin and
megalin mRNA levels, as shown by the present gene
expression analyses, indicates the operation of a
“functional gene cluster”, related to endocytosis.

Megalin is a multifactorial binding receptor for a
number of molecules such as protein-associated vita-
mins, lipids, and hormones [33, 36], vitamin D carrier
protein [37, 38] and advanced glycation end-prod-
ucts, which are up-regulated in diabetes [39], but also
for insulin itself [34]. Therefore, megalin may also
act as a scavenger for cytokine molecules in the endo-
cytotic process. The megalin-binding ligand could be
delivered to endosomes and later to lysosomes, while
megalin could be recycled to the cell membrane, as
previously described [34, 35]. Thus the up-regulation
of key structures of the endocytotic pathway in insu-
lin-producing cells may function as negative feed-
back, aimed at decreasing sensitivity towards pro-
inflammatory cytokines even at the receptor level,
thereby blocking complex intracellular signalling
pathways.

Phosphorylation/dephosphorylation cycles seem to
be the key mechanisms by which cells control the as-
sembly of the endocytotic machinery in clathrin-medi-
ated endocytosis, which are known also to be Ca2+-
dependent [40, 41]. Calcineurin is a Ca2+/calmodulin-
dependent protein phosphatase involved in various
signalling pathways of vesicular trafficking [42]. No-
tably, inhibitors of calcineurin counteracted the stimu-
latory effect of inositol hexakisphosphate on endocy-
tosis in insulin-producing cells [43], suggesting that
calcineurin might act as a modulator of the endocytot-
ic process in the beta cell. Furthermore, calcineurin
has been regarded as a calcium sensor for endocytosis,
similar to synaptotagmin for exocytosis. Disruption of
the calcineurin-dynamin 1 interaction inhibits clath-
rin-mediated endocytosis [44]. Our differential display
data show that calcineurin expression was increased in
RINm5F cells exposed to IL-1β or to a combination of
cytokines (IL-1β + TNF-α + IFN-γ), supporting a pos-
sible role of calcineurin in cytokine-induced endocy-
tosis. This is in agreement with the up-regulation of
this gene reported by microarray analysis of INS-1
cells after a 2-h exposure to IL-1β and IFN-γ [10]. 
Recent studies have shown that calcineurin affects
Ca2+-dependent signalling mechanisms in beta cell ap-
optosis [45], and inhibitors of calcineurin are able to
prolong survival of allograft islet transplants [45, 46,
47, 48]. This effect may be at least partly mediated
through an ameliorated activation of NF-κB via a 
Ca2+-dependent mechanism [49].

In line with the effects of cytokines upon genes of
the endocytotic pathway, we also found a decrease of
CAIN expression through exposure to the IL-1β and
cytokine combination. CAIN (also known as Cabdin)
acts as a physiological non-competitive inhibitor of
calcineurin and both proteins are components of the
endocytotic machinery [50]. Overexpression of CAIN
in HEK293 cells blocked endocytosis [51]. Thus de-
creased levels of CAIN could also favour endocytosis
in insulin-producing cells.

Another cytokine-sensitive gene from the endo-
cytotic cluster family that was seen to be modified in
our analysis was the neuronal form of synaptotagmin
(synaptotagmin V). Synaptotagmin was up-regulated
by cytokines in RINm5F cells, in agreement with a 
recent microarray analysis in INS-1 cells [12]. Synap-
totagmin is an integral vesicle membrane protein gen-
erally associated with exocytosis and usually referred
to as a calcium sensor [52, 53, 54]. However, several
lines of evidence suggest that synaptotagmin might
also be essential for endocytosis. Synaptotagmin re-
cruits the AP-2 complex to the vesicle and thus prop-
erly initiates the endocytotic process [41, 55]. Further-
more, transfection studies using truncated forms of
synaptotagmin indicate that a lack of the C2B-domain
of the protein inhibits the formation of clathrin-coated
pits in fibroblasts [56], pointing to a broad spectrum
of synaptotagmin actions. Therefore, an increase in
synaptotagmin levels, as indicated by our results, may
contribute to an increase in clathrin-mediated endo-
cytosis.

The observed cytokine-induced down-regulation 
of PMCA 2 and 3 in RINm5F cells is also in agree-
ment with the effects on endocytotic pathways. These 
proteins interfere with calcium buffering. Their low
levels could help to maintain increased [Ca2+]i favour-
ing the activation of calcineurin and thereby increas-
ing the rate of endocytosis [57]. Interestingly, PMCAs
seem to be involved in cell death processes [58].

The Rab3 GDP/GTP exchange protein mRNA was
down-regulated by cytokines in RINm5F cells. This
protein is involved in regulated exocytosis [59], but
can also interact with N-ethylmaleimide-sensitive fac-
tor, which is present in the membranes of endosomes,
the clathrin-coated vesicles and the Golgi apparatus,
thereby affecting the process of intracellular traffick-
ing [60, 61, 62]. Interestingly, the MAP-kinase acti-
vating death domain (the human gene ortholog to rat
Rab3 GDP/GTP exchange protein gene) is involved in
the Type 1 TNF receptor pathway, providing a link be-
tween cytokine and Rab3 gene expression [63]. There-
fore, a down-regulation of the Rab3 GDP/GTP ex-
change protein gene expression could also affect the
function of TNF receptors in insulin-producing cells.

In addition to the genes that might directly act in
endocytosis and trafficking processes, we found three
other genes that were of interest in RINm5F cells ex-
posed to cytokines and were possibly indirectly relat-
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ed to the endocytotic pathway. Agrin, a basal lamina
protein involved in the proper formation of acetylcho-
line receptors in muscle cells [64], was up-regulated
by IL-1β and a cytokine mixture. The agrin-dependent
clustering of plasma membrane receptors also in-
volves calcineurin [65], and this protein may control
the clustering of synaptotagmin [66]. Thus agrin could
play an integrative role in the cytokine-regulated 
endocytotic pathway in insulin-producing cells. In
RINm5F and INS-1 cells, agrin was up-regulated 8,
12 and 24 h after exposure to IL-1β alone or a combi-
nation of IL-1β and IFN-γ [8, 10].

The Tap1/mtp1 gene showed a 30-fold up-regula-
tion in RINm5F cells after exposure to the cytokine
combination in agreement with microarray studies
upon rat pancreatic beta cells [9, 10]. These proteins
are involved in the transport of molecules into the 
lumen of the endoplasmic reticulum and antigen pre-
sentation [67, 68]. They may thus participate in 
the process of intracellular trafficking after cytokine
exposure, a phenomenon of potential relevance for the
expression of chemoattractants by beta cells in re-
sponse to the pro-inflammatory stimulus [11].

MAMA, another interesting gene, which was up-reg-
ulated by cytokines, has so far not been described as a
cytokine-sensitive gene in insulin-producing cells. This
protein belongs to the macrophage scavenger receptor
gene family, which plays an important role in neurode-
generative processes in response to pro-inflammatory
stimuli [69]. Thus the MAMA protein may be linked
to signal pathways of cytokine toxicity.

Endocytosis is a common mechanism used by cells
to internalise cell membrane receptors. The down-
regulation of cytokine receptors through internalisa-
tion can help to decrease the beta cell toxicity of pro-
inflammatory cytokines. Internalisation of the IL-1β
receptor has been described in different cell types,
where the internalised receptor accumulated in the 
cytosol and could be recycled to the plasma mem-
brane [70, 71, 72]. Receptor-mediated endocytosis
was also shown for IFN-γ, but in contrast to the re-
cycling of the IL-1β receptor, a lysosomal ligand-
receptor degradation occurred after internalisation
[73]. Endocytotic internalisation of cytokine receptors
is also modulated by NO, which had a negative effect
upon TNF receptor endocytosis in dendritic cells [74,
75]. To our knowledge, the internalisation of cytokine
receptors has not been investigated systematically in
pancreatic beta cells by functional studies. However,
the relevance of endocytotic signalling pathways has
been recently shown for insulin-producing HIT cells
with an inositol hexakisphosphate regulated endocyto-
sis [43]. Our gene expression data are therefore the
first step in verifying the relevance of the endocytic
pathway within the signalling pathways of cytokine
toxicity by functional studies. This will have to be
supplemented by measurements of protein expression,
endocytosis rates and expression of cytokine receptors

in dependence upon exposure to pro-inflammatory 
cytokines.

Through RFDD-PCR, we have demonstrated that
cytokine exposure of insulin-producing RINm5F cells
affected gene expression of a functional gene cluster
of endocytotic signalling pathways in a way that
favours the internalisation of cytokine receptors. A
hypothetical model, based on our data, is shown in
Figure 2. Thus, while genes that increase the endocy-
totic process are up-regulated by cytokines, inhibitory
genes of the endocytotic pathway are down-regulated.
The cytokine-mediated up- and down-regulation of
endocytotic genes, as observed in the present RFDD-
PCR analyses, might be an interesting and novel
mechanism to protect insulin-producing cells against
the deleterious effects of cytokines. This, and the in-
formation on other modified genes described above,
provides new insights into the complex networks 
of cytokine signalling in beta cells during the early
stages of autoimmune diabetes.
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Fig. 2. Effects of cytokines upon the expression of genes 
affecting the endocytotic pathway in insulin-producing cells.
Cytokine receptor internalisation can be modulated by mecha-
nisms which stimulate (+) or inhibit (−) endocytotic signalling
pathways. Cytokine-induced up-regulation of clathrin and me-
galin expression favours the internalisation of cytokine recep-
tors and ligands through formation of clathrin-coated pits. Cal-
cineurin and synaptotagmin could also act as positive modula-
tors of the endocytotic machinery. On the other hand, the cal-
cineurin inhibitor CAIN and the Ca2+ ATPases (PMCA) were
down-regulated by cytokines, thereby indirectly stimulating
endocytosis of cytokine receptors. From the gene expression
analyses it is evident that genes capable of increasing the endo-
cytotic process were up-regulated by cytokines in insulin-pro-
ducing cells, whereas genes inhibiting the endocytotic pathway
were down-regulated. BAD, bcl-x, bcl-2-associated death pro-
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